Brain-derived neurotrophic factor (BDNF) is a growth factor implicated in neuronal survival. Studies have reported altered BDNF serum concentrations in patients with Alzheimer's disease (AD). However, these studies have been inconsistent. Few studies have investigated BDNF concentrations across multiple neurodegenerative diseases, and no studies have investigated BDNF concentrations in patients with frontotemporal dementia. To examine BDNF concentrations in different neurodegenerative diseases, we measured serum concentrations of BDNF using enzyme-linked immunoassay in subjects with behavioral-variant frontotemporal dementia (bvFTD, n=20), semantic dementia (SemD, n=16), AD (n=34), and mild cognitive impairment (MCI, n=30), as well as healthy older subjects (HS, n=38). BDNF serum concentrations were compared across diagnoses and correlated with cognitive tests and patterns of brain atrophy using voxel-based morphometry. We found small negative correlations between BDNF serum
Introduction
Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin family of growth factors [1, 2] . The protein promotes neuronal survival [3] ,modulates synaptic changes associated with learning and memory [4] , and crosses the human blood-brain barrier in an intact form via a saturable transport system [5] . Moreover, plasma BDNF levels do not appear to change after blood-brain barrier damage [6] .Several studies have suggested that altered BDNF serum concentrations are associated with various neurodegenerative diseases including Alzheimer's disease (AD) (e.g., Yasutake 2005, Lee 2009, Angelucci 2010), Huntington's disease [7] , and Parkinson's disease [8] , however, results have been variable, and it remains unclear whether BDNF plays a causal role in neurodegeneration.
Investigations of BDNF serum concentrations in patients with AD have produced inconsistent results. In a study of 60 patients with severe AD (MMSE mean ± SD, 6.88 ± 6.78), patients with AD had lower average BDNF serum concentrations compared to 60 patients with vascular dementia and 33 healthy subjects [9] . Similarly, a study comparing 47 patients with moderate AD (MMSE: 13.7 ± 5.0) to 44 healthy subjects found decreased BDNF serum concentrations in patients [10] . Furthermore, in a separate study, 99 patients with amnestic MCI (MMSE: 27.00 ± 1.1) had lower BDNF concentrations compared to 99 healthy subjects and there was a positive association between serum BDNF concentrations and scores on delayed recall in the Auditory Verbal Learning Test, a test of auditory-verbal memory [11] . Nevertheless, in a study of patients with severe AD (n=35, MMSE: 6.3 ± 4.7), mild AD (n=54, MMSE: 22.3 ± 2.8), MCI (n=54, MMSE: 27.6 ± 1.8), and healthy subjects (n=27), BDNF serum concentrations were higher in patients with AD and MCI compared to healthy subjects [12] . A study of 89 patients with moderate AD (MMSE: 20.5 ± 4.8) and 89 healthy subjects reported no differences in BDNF serum concentrations [13] . Similarly, in a study of 30 patients with moderate AD (MMSE: 19.2 ± 7.0) and 10 healthy subjects, there were no differences in BDNF concentration between AD and healthy subjects. This study did, however, find increased BDNF serum concentrations in 15 patients with mild AD (MMSE ≥ 21) compared to 10 healthy subjects and 15 patients with late-stage AD [14] . Thus, the relationships among BDNF, AD and disease severity remain unclear.
Some authors have suggested that differences in medication use may account for thesediscrepant studies. Leyhe et al. found decreased BDNF serum concentrations in 19 patients with AD compared to 20 healthy subjects before donepezil treatment, but this difference disappeared after treatment [15] . Moreover, in a randomized, single-blinded, placebo-controlled study in 27 patients with AD, lithium increased BDNF serum concentrations compared to placebo [16] . AD patients also sometimes exhibit depressive symptoms [17] , and a variety of antidepressant medications have been shown to increase BDNF serum concentrations in patients with depression [18] . Existing studies measuring BDNF serum concentrations in patients with AD often included patients taking different medications, which could also explain their divergent findings.
While BDNF concentrations have been measured in other neurodegenerative disease groups, we are not aware of any studies of BDNF in patients with behavioral variant frontotemporal dementia (bvFTD, a neurodegenerative disease typically characterized by bilateral frontal degeneration and progressive behavioral changes), or semantic dementia (SemD, a neurodegenerative disease typically involving more temporal and orbitofrontal atrophy and semantic loss) [19, 20] . Also, inclusion of multiple diseases in a single study allows specific BDNF-neurodegeneration relationships to be investigated. Therefore, we quantified BDNF serum concentrations in a large cohort of patients diagnosed with bvFTD, SemD, AD, and MCI as well as healthy subjects. In order to investigate possible medication effects on BDNF serum concentrations, we compared BDNF serum concentrations of patients taking medications known to affect BDNF concentrations. BDNF serum concentrations were then correlated with brain volume and a variety of cognitive tests to discover any brain volume or functional associations.
Methods

Subjects and Clinical Assessment
A total of 138 patients and healthy control subjects were recruited from the University of California, San Francisco, Memory and Aging Center, a tertiary care dementia clinic and research program. Clinical diagnosis in both patients and healthy subjects was determined after a detailed clinical history, neurologic examination, a 1-hour neuropsychological battery, laboratory screening, and 1.5 T brain MRI. We investigated 20 patients diagnosed with bvFTD, 16 with SemD, 34 with AD, 30 with MCI, and 38 healthy subjects (Table 1) . Patients diagnosed with bvFTD and SemD met Neary criteria [19, 20] , patients with Alzheimer disease (AD) met AD probable National Institute of Neurological and Communication Disorders/Alzheimer's Disease and Related Disorders Association criteria (McKhann et al., 1984) , and patients with MCI met the American Academy of Neurology criteria (Petersen et al., 1999). Healthy control subjects were recruited through advertisements in local newspapers and recruitment talks at local senior community centers. Healthy subjects must have had a normal neurological examination, a Clinical Dementia Rating (CDR) score of 0, and an MMSE score equal to or greater than 28/30. All subjects and, when applicable, their caregivers signed an institutional review board-approved research consent form to participate in this study. Patients seen at the clinic represented a broad sample of the population in terms of ethnicity, gender, education and socioeconomic status. An attempt was made to recruit all consecutively available patients for this study.
Blood Processing and Assay Methods
Blood was collected from patients and serum was obtained and stored at −80° C until assay. Serum was assayed for BDNF in duplicate, using a commercial BDNF ELISA assay kit (R&D Systems, Minneapolis, MN, USA). To evaluate inter-assay variability, an internal control consisting of serum obtained from a single individual, frozen in multiple aliquots, was run on each plate processed. BDNF concentrations of this control sample were measured on several different days and multiple 96-well plates. The R&D Systems Human BDNF Quantikine ELISA Kit was found to have an interassay variability of 8-14%. Intraassay CV of duplicate samples was <10%, or samples were re-assayed.
Neuropsychological testing-Participants underwent detailed, standardized cognitive and behavioral testing as part of their assessment. The Clinical Dementia Rating Scale (CDR) was completed for each patient based on an interview with their primary caregiverinformant. Face-to-face neuropsychological testing included the Mini-Mental State Examination (MMSE); an abbreviated form of the Boston Naming Test that included 15 of the 60 items (a format which has been verified to be psychometrically valid equivalent to the full form) [21] ; a modified version of the Trail Making Test, Color-Word Interference Test, and FAS Verbal Fluency Test from the Delis-Kaplan Executive Function Scale (DKEFS) [22] ; the Geriatric Depression Scale (GDS) [23, 24, 25, 26] [27, 28] ; the Number Location test from the Visual Space and Object Perception Battery (VSOP) [29] ; a Design Fluency test (generate designs on an array of dots); an abstraction test (similarities and proverb interpretation); and repetition.
MRI scanning-Within 30 days of their blood draw, participants received MRI scans on a 1.5 T Magnetom VISION system (Siemens, Iselin, NJ) equipped with a standard quadrature head coil. Structural MRI sequences included a volumetric magnetization prepared rapid gradient echo MRI (repetition time/echotime/inversion time = 10/4/300 milliseconds) to obtain T1-weighted images of the entire brain, 15° flip angle, coronal orientation perpendicular to the double spin echo sequence, 1.0 × 1.0 mm 2 in-plane resolution, and 1.5-mm slab thickness.
VBM
This is a technique for the detection of regional brain atrophy by voxel-wise comparison of gray and white matter volumes between groups of subjects. The technique comprises an image processing step (spatial normalization, segmentation, modulation, and smoothing) followed by statistical analysis. Both stages were implemented in the SPM5 software package (www.fil.ion.ucl.ac.uk/spm) using standard procedures. Spatially normalized, segmented, and modulated gray matter images were spatially smoothed with a 12-mm fill width at half maximum isotropic Gaussian kernel to allow inter-subject anatomic comparison. Age, gender, and total intracranial volume were entered into the design to control for any confounding effects. Regionally specific differences in gray matter volumes were assessed using the general linear model and the significance of each effect was determined by using the theory of Gaussian fields. The Anatomical Automatic Labeling atlas was used to identify regions with atrophy at a concentration of significance p<0.05 family-wise error (FWE) corrected or p<0.001 uncorrected.
Statistical Analysis
A priori power analysis (assuming 0.05 alpha, two-tailed t-test) based on the population effect sizes and SDs of previous studies reporting a significant difference in BDNF serum concentrations in patients with AD compared to healthy subjects was conducted. We had >0.8 power (1-βvalue) to detect differences in BDNF concentrations in each neurodegenerative disease group when comparing against healthy subjects assuming the predetermined effect sizes and SDs in the AD literature reported by Yasutake To assess the impact of potential confounds on BDNF concentrations, general linear models were used to identify any independent relationship between BDNF and age, gender, and the cognitive tests. Next, to investigate whether disease severity could predict BDNF serum concentrations regardless of diagnostic group, a general linear model was constructed with MMSE (representing disease severity) as the primary predictor, age and gender as confounds, and BDNF concentrations as the dependent variable. To reveal any hidden effects in which membership in a single diagnostic group might predict BDNF concentrations even without a significant overall effect of diagnosis, we performed a second stage of this analysis in which each of the four diagnostic groups was parameterized (0=no, 1=yes) and entered as separate predictors. Then, a general linear model was performed to determine if diagnostic group membership predicted BDNF concentrations controlling for age and gender. Post-hoc Dunnett-Hsu tests were performed to identify whether BDNF concentrations in any diagnostic group differed from healthy subjects. Use of (1) acetylcholine esterase inhibitors (AChEIs) or (2) selective serotonin reuptake inhibitors (SSRIs) and/or serotonin & norepinephrine reuptake inhibitors (SNRIs) was analyzed in relation to BDNF concentrations. We used a mixed model to directly examine the interaction effect of medication and diagnostic group membership, although we had reduced power due to small sample sizes in some diagnosis-by-medication groups (e.g. few patients with MCI were taking AchEIs). All statistical analyses were carried out using the SAS® statistical analysis software package.
To examine the voxel-wise relationship between brain volume on BDNF serum concentrationsin VBM, a [1] and [−1] t-contrast was used assuming that lower BDNF concentrations would be associated with either lower or higher brain volumes respectively.
Results
Demographic and clinical features of all subjects can be found in Table 1 . There was no independent relationship of BDNF serum concentrations with age (F(1,136) = 1.381, p = 0.242), gender (F(1,135)=1.517, p = 0.220) (Fig. 1A) , or depression as measured by the Geriatric Depression Scale (F(1, 99) = 1.237, p = 0.269) (Fig. 1B) .There was a modest but significant negative relationship of BDNF serum concentration with some of the cognitive tests that assessed learning, information processing speed and cognitive control in complex situations including a) the filled dots switching test from the Design Fluency test (F(4, 74) Fig. 2 ). This was true within diagnostic groups as well (Fig. 3) . Diagnostic group membership had no effect on BDNF concentrations (F(4,133) = 1.51, p = 0.2031; Fig. 4 ), even after further analyses to parameterize diagnosis and model BDNF independently in each diagnostic group.
Medication status was available for a subset of subjects (Table 1) . Pairwise analysis of medication status on BDNF concentrations within diagnostic groups was performed using mixed modeling of the complex interaction effect. BDNF serum concentrations did not significantly differ between participants who did not take any medications compared to participants taking acetylcholinesterase inhibitors (AchEIs) (F(1,86) = 1.10, p = 0.298), or SSRIs/SNRIs (F(1,86) < 0.001, p = 0.999; Fig. 2) . No participants took a tricyclic antidepressant. Also, only one patient with bvFTD and one patient with AD took lithium, and this was not enough to perform a meaningful analysis. Diagnostic group pairwise comparisons from the least squares means showed no significant difference between BDNF concentrations and medication usage within each neurodegenerative group for AchEIs and SSRIs/SNRIs (Fig. 5 ).
VBM analysis of BDNF serum concentrations demonstrated no significant correlations with grey or white matter volume in any region in the brain at the more rigorous threshold of pFWE< 0.05, corrected for gender, age and total intracranial volume. Further exploration revealed no significant correlations even at an uncorrected (p < 0.001) concentration.
Discussion
In our study, we found no effect of neurodegenerative disease on BDNF serum concentrations. Studying multiple neurodegenerative diseases that affect different brain regions at once allowed us to investigate the specificity of BDNF-neurodegeneration relationships and survey a wide array of brain areas, but no pattern of brain atrophy corresponded with BDNF concentrations even at a very permissive statistical threshold. Our results suggest that BDNF serum concentrations may not serve as a reliable biomarker in detecting any of several types of neurodegenerative disease or in differentiating among these diseases. To our knowledge, this was the first study analyzing BDNF serum concentrations in patients with bvFTD or SemD. The present study is also the first to correlate BDNF serum concentrations with brain volume and cognitive impairment in patients with various neurodegenerative diseases.
The literature on BDNF concentrations in AD is mixed. Thus our results replicate some previous findings and challenge others. We did not find significant differences in BDNF serum concentrations in patients with AD compared to healthy subjects as reported by some studies [9, 30, 10] despite having adequate power to do so. Moreover, we failed to find a positive correlation between BDNF serum concentrations and MMSE or memory scores in AD as reported by previous studies [14, 10, 11] . Nevertheless, our results are consistent with those of O'Bryant et al. (2009) who used large sample sizes (98 patients with AD and 98 healthy subjects) and showed no differences in BDNF serum concentrations. Additionally, our results are consistent with three studies showing no significant correlation between BDNF serum concentrations and disease severity in AD alone [13, 12, 31] . However, our data show small negative associations of BDNF serum concentrations and learning, information processing speed and cognitive control suggesting that BDNF concentrations may still be related to subtle cognitive differences. Elevated central BDNF concentrations have been associated with poor working memory tasks in aged animals [32, 33] . Moreover, one study reported that patients with Parkinson's disease with lower rates of central BDNF secretion performed better on a cognitive test assessing cognitive control in planning than patients with higher rates [34] .
The source of the inconsistent results in the literature remains uncertain; however, we suspect that some unmeasured factors may be causing some of the discrepancies. For example, Val homozygote carriers of the BDNF gene have lower BDNF serum concentrations than the BDNF met-carrier subjects [35] which is particularly relevant for our study since the Val allele is more frequent in patients with AD compared to other neurodegenerative groups and healthy subjects [36] . Similarly, smoking [37, 38] , body weight (both obesity and excessive thinness as seen in anorexia nervosa) [39] , diet [40] and exercise [41, 42, 43] all influence BDNF concentrations and could be acting as confounds in studies of BDNF serum concentrations in neurodegenerative disease. Furthermore, differences in patient selection and characteristics (such as divergent pathological entities underlying a single clinical syndrome) may explain discrepancies in the literature.
Conclusion
We found no significant differences in BDNF serum concentrations of patients with bvFTD or SemD compared to healthy subjects or patients with AD or MCI. One limitation of the present study is that it examined peripheral BDNF concentrations in the blood. It remains possible that BDNF concentrations within the central nervous system may be variably affected in different neurodegenerative diseases [44] , potentially warranting further study of BDNF concentrations in cerebrospinal fluid. Moreover, if a significant difference in BDNF serum concentrations exists between patients with bvFTD, SemD, MCI and healthy controls, the effect sizes may be smaller than in patients with AD. As a result, larger sample sizes in all groups may reveal differences. Lastly, low BDNF concentrations may trigger neurodegenerative diseases or fluctuate throughout the course of a disease. Measuring concentrations at multiple time points may thus be informative. With these caveats, however, our results suggest that BDNF serum concentrations may not be a useful biomarker to distinguish among neurodegenerative diseases. BDNF serum concentrations and disease severity, as measured by the MMSE, and medication status among all patients using general linear models controlling for age and gender. MMSE scores did not significantly predict BDNF serum concentrations (β = −0.005, t(119) = −0.06, p=0.954). Moreover, a separate model comparing patients taking AchEIs or SSRI/SNRIs compared to patients not on medications showed no significant relationships (AchEIs: F(1,86) = 1.10, p = 0.298; SSRIs/SNRIs: F(1,86) < 0.001, p = 0.999). BDNF serum concentrations in relation to diagnostic group (Mean ± SD). A general linear model revealed that diagnostic group membership had no effect on BDNF concentrations (F(4,133) = 1.51, p = 0.2031) even after diagnoses were parameterized and modeled independently in each diagnostic group. Effects of medication status on BDNF serum concentrations separated by diagnosis (Mean ± SD). Patients taking a type of medication are marked with a "Y" for yes, & patients not taking that medication are marked with an "N" for no. Least squares means (controlling for age and gender) pair-wise comparisons showed no difference between BDNF concentrations and medication usage within each neurodegenerative group. Table 1 Demographic and clinical parameters of patients with neurodegenerative diseases and healthy subjects. 
